As physical barriers that separate teleost fish from the external environment, mucosae are also active immunological sites that protect them against exposure to microbes and stressors. In mammals, the sites where antigens are sampled from mucosal surfaces and where stimulation of naive T and B lymphocytes occurs are known as inductive sites and are constituted by mucosaassociated lymphoid tissue (MALT). According to anatomical location, the MALT in teleost fish is subdivided into gut-associated lymphoid tissue (GALT), skin-associated lymphoid tissue (SALT), and gill-associated lymphoid tissue (GIALT). All MALT contain a variety of leukocytes, including, but not limited to, T cells, B cells, plasma cells, macrophages and granulocytes. Secretory immunoglobulins are produced mainly by plasmablasts and plasma cells, and play key roles in the maintenance of mucosal homeostasis. Until recently, teleost fish B cells were thought to express only two classes of immunoglobulins, IgM and IgD, in which IgM was thought to be the only one responding to pathogens both in systemic and mucosal compartments. However, a third teleost immunoglobulin class, IgT/IgZ, was discovered in 2005, and it has recently been shown to behave as the prevalent immunoglobulin in gut mucosal immune responses. The purpose of this review is to summarise the current knowledge of mucosal immunoglobulins and B cells of fish MALT. Moreover, we attempt to integrate the existing knowledge on both basic and applied research findings on fish mucosal immune responses, with the goal to provide new directions that may facilitate the development of novel vaccination strategies that stimulate not only systemic, but also mucosal immunity.
Introduction
Higher metazoans have different barriers that separate themselves from the surrounding environment. Whereas some animal species evolved non-mucosal barriers (i.e. the cuticle of arthropods), others, such as teleost fish, developed mucosal surfaces as their strategy to protect themselves from the aggressions of the environment. In addition to being physical barriers, mucosal surfaces are also active immunological sites armed with cellular and humoral defences. Since these surfaces represent the interface between each animal and the external environment, they are exposed more than any other site, to a continuous bombardment of microbes and stressors. The mucosa-associated lymphoid tissue (MALT) contains B cells and immunoglobulins, which play a pivotal role in the maintenance of mucosal homeostasis (reviewed by (Brandtzaeg, 2009) ). In higher vertebrates, secretory immunoglobulins (sIg) as well as their importance in innate and adaptive immunity, are fairly well characterised. Despite the fact that sIg in mammals has been classically associated with IgA and to a lesser degree with IgM, there is a growing appreciation that all immunoglobulin classes are in fact relevant at mucosal sites (Baker et al., 2010) .
In lower vertebrates, and in particular teleost fish, the presence of immunoglobulins in mucosal secretions was first reported in plaice (Pleuronectes platessa) in the late 1960's (Fletcher and Grant, 1969) . Until recently, there has been a general belief that IgM was the only functional immunoglobulin in teleosts, both in systemic and mucosal compartments. Recent breakthroughs in the field of fish immunoglobulins have added two new players to the scene, IgD (Edholm et al., 2010a) and IgT/IgZ (Danilova et al., 2005; Hansen et al., 2005) . Significantly, IgT has been reported to be an immunoglobulin specialized in gut mucosal immunity , a novel finding that makes the field of mucosal immunoglobulins and mucosal B cells in fish even more appealing. As commented by Flajnik (Flajnik, 2010) in reference to recent findings on IgT, all GOD's (Generation Of Diversity) creatures, even fish!, appear to have dedicated mucosal immunoglobulins. To our delight, there is still much to discover about these immunoglobulins and their immune functions. The present review summarises our current knowledge on teleost B cells and immunoglobulins found in mucosal surfaces. It also examines, with an evolutionary and comparative eye, the parallelisms and dissimilarities of sIg in bony fish versus higher vertebrates. Moreover, this review attempts to integrate past and current basic and applied research findings of fish mucosal immune responses as a platform to provide new directions that facilitate the future development of novel vaccination strategies. These strategies should target stimulation not only of systemic, but also of mucosal immunity.
Gross anatomy of MALT
Obvious physiological, anatomical and histological differences exist between terrestrial and aquatic vertebrates, which clearly translate into the presence of distinct MALT in fish and mammals. It is accepted that the mucosal immune system is more complex than its systemic counterpart both in terms of effectors and anatomy (Brandtzaeg, 2009; Cerutti and Rescigno, 2008; Fagarasan, 2008; Macpherson et al., 2008) and, as a consequence, its nomenclature also becomes more intricate. The Nomenclature Committee of the Society of Mucosal Immunology proposed a standard nomenclature for both secretory immune-function molecules and mucosa-associated immune-cell compartments. Table 1 includes the nomenclature for mucosa-associated immune-cell compartments accepted in mammals (summarised in ) as well as those thus far used in fish. It is important to note that no standard nomenclature has yet been proposed for fish MALTs and therefore, we recommend adopting the mammalian one in those cases where it is applicable. MALT uniquely present in teleosts has its own terminology but unfortunately there has not been a general agreement on it by the scientific community. The three main mucosal immune compartments found in bony fish are: 1) the gut-associated lymphoid tissue (GALT) with the lamina propria (LP) and intraepithelial (IEL) compartments; 2) the skinassociated lymphoid tissue (SALT); 3) the gill-associated lymphoid tissue (we propose to abbreviate it as GIALT) which includes the gills and the interbranchial immune tissue (ILT).
The gut-associated lymphoid tissue (GALT)
Herbivorous, detritivorous, omnivorous and carnivorous fish species differ from each other in terms of the presence or absence of a stomach, the length of the intestine (from 1 to more than 20 times the body length), and the presence and number of pyloric caeca, intestinal loops and valves (Evans, 1998) . The GALT is strikingly diverse across vertebrate groups. For instance, chickens have caecal tonsils not present in mammals, and even within mammals, their GALT exhibit a significant structural diversity (Fagarasan, 2008; Finke and Meier, 2006) . Generally speaking, the GALT of higher vertebrates consists of both scattered and organised lymphoid tissue. Fish, however, lack an organised GALT, and thus, have no PP or MLNs , whereas the presence of PP or MLN in amphibians remains to be demonstrated, although lymphoid accumulations were demonstrated in the lamina propria of the amphibian urodele, Pleurodeles waltlii (Ardavin et al., 1982; Zapata and Amemiya, 2000) . In fish, lymphoid cells are present in a scattered manner along the alimentary canal. The LP and IEL compartments are nevertheless identified. An updated review on the teleost fish GALT, including the description of all the immune cell types therein present has been recently compiled and additional details among different cartilaginous and bony fish are reviewed in (Hart et al., 1988; Zapata and Amemiya, 2000) . Generally speaking, teleost gut LP harbours a variety of immune cells including, but not limited to macrophages, granulocytes, lymphocytes and plasma cells, whereas the IEL compartment is mainly composed by T cells and few B cells. One exception is the halibut (Hippoglossus hippoglossus), where a great diversity of leukocytes is observed in the epithelium of the second segment of the gut (Grove et al., 2006a ).
Immunological differences are recognised along the different segments of the fish gastrointestinal (GI) tract as it is the case in mammals. Most of our knowledge in that area relates to the differential uptake of particles in the anterior gut (also known as foregut or first segment) compared to the posterior gut (hindgut or second segment). More details about particle uptake in the gut can be found in . Another example is found in cod (Gadus morhua L.), where clear immunological differences between the second segment of the gut and the rectum exist (Inami et al., 2009 ). The geographical map of teleost gut immune cell populations is however far from complete. In that regard, very little is known in particular about the distribution of sIg classes and B cell subsets in different portions of the GI tract. It is worth mentioning that the pH conditions along the fish GI tract change drastically. For instance, catfish (Ictalurus punctatus) has a pH between 2 and 4 in the stomach, then becomes alkaline below the pylorus (pH = 7-9). In the foregut the pH is 8.3 and it is near neutral in the hindgut (Pillay and Kutty, 2005) . Thus the question arises, how do pH changes affect antigen uptake, antigen-antibody interactions, or other immune processes?
There is still considerable debate regarding which cells are the main antigen collecting cells in the teleost GI tract. Whereas some authors claim that enterocytes uptake certain antigens such as ferritin (Rombout et al., 1985) , others suggest the presence of M-like cells in the posterior gut of salmonids (Fuglem et al., 2010) . Some but no conclusive evidence has shown that certain fish GALT epithelial cells display morphological similarities with mammalian M cells and sample luminal antigens (Fuglem et al., 2010) . In cyprinids like carp (Cyprinus carpio L.) (Rombout et al., 1985) and goldfish (Carassius auratus auratus) (Temkin and McMillan, 1986) , large intraepithelial macrophages containing phagocytosed material have been observed and therefore these are thought to be the main antigen presenting cells. However, no macrophages were found in the gut of seabream (Sparus aurata) (Mulero et al., 2008) . One study measured the respiratory burst response of GALT leukocyte suspensions from the seabream and found very few phagocytic cells . It is obvious that we know very little about how antigens are uptaken and presented in fish GALT and once again we can appreciate that the gut of different teleost species is immunologically speaking as variable as their physiology.
The microbiota associated to the gut of several teleost species has received a fair amount of attention, mainly due to its application as probiotics in the fish farming industry (Nayak, 2010) . It is apparent that commensal microorganisms associated with the gut of fish are more transient and variable in their composition than those of terrestrial animals, probably because of the microbiology of the diverse aquatic environments in which fish live. Initial colonisation of the gut by different microbial species determines GALT early development as well as the total B cell repertoire in different animal models (Fagarasan, 2008; Lanning et al., 2005; Rawls et al., 2004) . Moreover, the development of epithelial barrier function and gut innate immunity in gnotobiotic zebrafish appears to be determined by bacterial colonisation in the gut (Rawls et al., 2004) . Thus, similar to the situation in higher vertebrates, gut commensal microorganisms are thought to modulate immune responses in the fish gut (Nayak, 2010; Perez et al., 2010; Rawls et al., 2004) . In the context of the present review, it is essential to mention the interaction between fish sIg in the gut and their commensal bacteria. Interestingly, IgT and, to a lesser extent, IgM from the gut mucus of rainbow trout (Oncorhynchus mykiss) coat a high percentage of the bacteria present in the gut . Thus, bony fish sIg are likely to exert immune exclusion on their commensal bacteria, in a similar manner mammalian sIgA and sIgM do (Brandtzaeg, 2009 ), thereby providing a means for controlling gut homeostasis.
The skin-associated lymphoid tissue (SALT)
The SALT (also known as skin immune system (SIS) or cutaneous immune system) in fish is a mucosal lymphoid tissue, whereas in terrestrial vertebrates is not strictly so. Teleost skin is histologically very different to that of mammals since in fish the outermost layer of cells is alive and it retains the capacity to divide. In that regard, teleost epidermis is a stratified but non-keratinized epithelium of variable thickness. Among the epithelial cells, abundant secretory cells are present and produce altogether a complex mucus secretion with ample biological functions. Four types of secretory cells can be found in different fish epidermis including malpighian cells, goblet cells, sacciform cells and club cells (for more details on the structure of fish epidermis refer to the review by (Zaccone et al., 2001) ). Once again, teleost diversity is reflected in a variety of skin morphologies, cell composition, mucus characteristics and molecules present in the mucosal secretions. One example of this diversity is found in the work by Fast (Fast et al., 2002) , where the skin of three salmonid species was shown to be biochemically and histologically different.
Both malpighian and goblet cells have been proposed to be phagocytic in fish skin (Asbakk, 2001; Iger and Abraham, 1990) . Moreover, the presence of IgM was detected in the goblet cells of trout skin (Peleteiro and Richards, 1988) . In addition to secretory cells, leukocytes such as granulocytes, macrophages and lymphocytes (Davidson et al., 1993a; Herbomel et al., 2001; Iger et al., 1988; Peleteiro and Richards, 1990) have been observed in the skin of different teleost species. Very little information is however available on the function of each cell type during the course of an immune response. The importance of the skin as an immune organ was clearly demonstrated when transcript analysis of common carp revealed 82 orthologues of genes of immune relevance previously described in other organisms (61 of them had never been described before in carp) (Gonzalez et al., 2007) .
Finally, fish skin mucus harbours an apparently abundant and diverse microbial community including bacteria and fungi (Austin, 2006; Liu et al., 2008) . The modulation of SALT by this microbial community is unknown and further studies are clearly required in that area.
The gill-associated lymphoid tissue (GIALT)
Teleost generally have four pairs of gill arches supported by cartilage or bone tissue. Gill arches contain gill filaments (or primary lamellae), which are subdivided into gill lamellae (or secondary lamellae). These comprise the main respiratory surfaces of the fish. A comprehensive review on fish gill morphology can be found in (Wilson and Laurent, 2002) . Recent morphological studies on nile tilapia (Oreochromis niloticus) have described the branchial filament as a multilayered epithelium, such as in other teleostean species. The filament epithelium, on the other hand, was shown to consist of two distinct regions, a superficial and a deep layer, the latter characterized by a network of undifferentiated cells, wide intercellular spaces where cells from the neuroendocrine and immune systems reside (Monteiro et al., 2010) .
Small and large lymphocytes (Grove et al., 2006a; Lin et al., 1998) , macrophages (Lin et al., 1998; Mulero et al., 2008) , neutrophils (Lin et al., 1998) , eosinophilic granulocytes (Barnett et al., 1996; Lin et al., 1998; Mulero et al., 2007) and antibody-secreting cells (ASC) (Davidson et al., 1997; dos Santos et al., 2001a) have been observed in the GIALT of different fish species (below in sections 4.4 and 5.3 we review in more depth GIALT B cells and ASCs). Gill cell suspensions from the dab (Limanda limanda) were exposed to LPS and PHA and the produced mitogenic responses indicated the presence of few B-cells and a preponderance of T-cells (Lin et al., 1999) . Secondary lamellae are formed by a very thin epithelium that is supported by pillar cells. This creates a capillary space for erythrocytes to flow. Thus, it is not common to see lymphoid cells in this area (Monteiro et al., 2010) . Many of the anatomical characteristics of interlamellar vessels are strikingly similar to those of mammalian lymphatic capillaries and they have been suggested to be physiologically, if not embryologically, equivalent (Olson, 2002) . Interestingly, it has recently been reported that the basal chordate Amphyoxus also possess a gill-associated lymphoid tissue (Han et al., 2010) .
In addition to the lymphoid tissue found within the gill lamellae, an interbranchial lymphoid tissue (ILT) has been recently described in salmonids (Haugarvoll et al., 2008; . The organization of this lymphoid tissue resembles that of the thymus: it is covered by an epithelial layer and traversed by trabecular walls. These studies also showed the predominant presence of T cells in salmon ILT. Therefore, at least salmonid GIALT consists both of dispersed leukocytes within the lamellar epithelium and organised lymphoid areas between gill arches.
Mucus production is proven to be higher in the area surrounding the gill cover than in any other skin sites (Shephard, 1994) . Additionally, fish gills have an associated microbial community (Ringo and Holzapfel, 2000) which, in the case of the gibel carp (Carassius auratus gibelio) and bluntnose black bream (Megalobrama amblycephala), is less diverse than that of the skin .
Presence and transport of immunoglobulins in mucosal sites

Teleost serum immunoglobulins
Immunoglobulins are mainly produced by plasmablasts and plasma cells, and are found secreted into body fluids (including serum and mucosal secretions) as antibodies (soluble form), or on the surface of B cells as B cell receptors (BCR) (membrane-bound form). Ig molecules are typically composed of two identical heavy (H) chains and two identical light (L) chains which provide two identical antigen-binding sites by the amino-terminal variable (V) domains of both H and L chains. The H chain carboxyl-terminal constant (C) domains define the Ig isotypes (classes) and the effector functions of the Ig through binding to their receptors on effector cells. The H and L chains are encoded by separate genomic loci, igh and igl respectively, and their V and C domains are each encoded by independent elements: the variable (V), diversity (D, only for H chains), and joining (J) gene segments for the V domain, and individual constant (C) gene segments for the C domains.
Up to date, three major Ig isotypes have been reported in teleost fish, among which IgM was the first one discovered decades ago, while IgD and IgT/IgZ were discovered later in 1997 (Wilson et al., 1997) and 2005 (Danilova et al., 2005; Hansen et al., 2005) , respectively. Generally, in an igh locus of teleost, for example in rainbow trout, the gene segments (V H DτJτCτ) encoding for the H chain (τ) of IgT are located upstream of those (V H DμJμCμCδ) encoding for the H chains (μ and δ) of IgM and IgD . In such a locus, the upstream V segments were predicted to rearrange either to DτJτCτ to encode τ chain or to DμJμCμ to encode μ chain, and consequently, B cells of this species were predicted to express either IgT or IgM (Flajnik, 2005) . Confirming the aforementioned prediction, in 2010 it was reported that rainbow trout contained a new B lineage uniquely expressing surface IgT, whereas IgM + B cells were found devoid of IgT expression . For further information on the genomic organization of teleost igh and igl loci, see recent reviews (Edholm et al., 2011; Hikima et al., 2010; Solem and Stenvik, 2006; Sun et al., 2011; Zhang et al., 2011) .
In general, the prevalent serum Ig in most teleost is a high molecular weight (HMW) Ig (600-850 kilodaltons (kDa)), corresponding to tetrameric IgM, which is stable under physiological conditions, but under denaturing conditions exists as various redox forms that differ in the degree of inter-heavy chain disulfide polymerization (Bromage et al., 2004b; Kaattari et al., 1998) . Recently, an association between the increased disulfide polymerization and the greater affinity of trout IgM to antigen has been reported (Ye et al., 2010) . The concentration of teleost serum IgM may vary (0.6-16 mg ml −1 ) between species and may change depending on fish size, environment temperature, water quality, season of the year, as well as stress, stimulation, or immunisation (reviewed in (Solem and Stenvik, 2006) ). Besides the HMW Ig, a low molecular weight (LMW) Ig was also described in the serum of giant grouper (Epinephelus itaira) (Clem, 1971) , margate (Haemulon album) (Clem and McLean, 1975) , sheepshead (Archosargus probatocephalus) (Lobb and Clem, 1981d) , rainbow trout (Elcombe et al., 1985) , European perch (Perca fluviatilis L.) (Whittington, 1993) , flounder (Paralichthys olivaceus) (Bang et al., 1996) , and Southern bluefin tuna (Thunnus maccoyii Castelnau) (Watts et al., 2001) . Some of the LMW Ig (160-180 kDa) contains H chain with slightly smaller size (50-75 kDa) than those (60-80 kDa) of the HMW Ig (Clem and McLean, 1975; Elcombe et al., 1985; Watts et al., 2001) , while some of the serum LMW Ig (120-140 kDa) has a significantly shorter H chain (40-45 kDa) (Clem, 1971; Lobb and Clem, 1981d) . As shown in Table 2 , in the case of the sheepshead (Lobb and Clem, 1981a; Lobb and Clem, 1981d) , the serum HMW Ig (~700 kDa) contains two subpopulations, one is a disulfide linked (covalent) form, and the other one is assembled with two non-covalent subunits of disulfide linked dimmers (~350 kDa), while the LMW Ig (~140 kDa) is composed of two subunits of halfmers (H 1 L 1 ) (~70 kDa) associated to one another non-covalently. Notably, the H chain (~45 kDa) of the LMW Ig could not be recognised by the polyclonal antibody (pAb) developed against the HMW Ig. In early studies, the half-lives of both HMW and LMW Ig of teleost serum were found to be around 12-16 days (Avtalion et al., 1973; Lobb and Clem, 1981a) . In a recent study, the highaffinity, highly polymerized trout IgM was shown to have longer half-lives than the loweraffinity, lightly polymerized IgM (Ye et al., 2010) .
Up until recently, it has been widely accepted that the HMW Ig in the serum of teleost is tetrameric IgM. However, the molecular nature of the LMW Ig has been a mystery since its identification 40 years ago. One could suggest, as other authors did in previous studies (Clem, 1971; Clem and McLean, 1975) , that the LMW Ig is the in vivo precursor/redox form or the in vitro degradation product of the HMW Ig. Alternatively, the monomeric LMW Ig may represent an unknown Ig isotype different from IgM, based on the fact that the H chain of LMW Ig was, in some cases, structurally and/or antigenically distinct from that of HMW Ig. For example, although the HMW and LMW Ig forms of rainbow trout had similar binding affinities for a hapten, significant differences were revealed in the size, peptide maps, immunoreactivities of their H chains with the pAb against their corresponding H chains. More importantly, the abilities to activate complement between the HMW and LMW Ig forms differed markedly (Elcombe et al., 1985) . Furthermore, in sheepshead the HMW and LMW Igs appeared not to be metabolic products of one another, which suggested that they are the products of separate genes (Lobb and Clem, 1981a) . However, it was difficult at that time to clarify the relationship between the HMW and LMW Igs and to identify the exact Ig isotype of the LMW Ig due to limited genetic information available for Ig isotypes in teleost. One of the two Ig isotypes (IgD and IgT/IgZ) discovered later in teleost might solve the mystery on the identification of the LMW Ig. Since 1997, the H chain gene (ighδ) of the second Ig isotype (IgD) has been identified in all studied teleost, which has shown variable genomic structure and splicing pattern among species (Hordvik, 2002; Saha et al., 2004; Srisapoome et al., 2004; Wilson et al., 1997) . Surprisingly, the gene encoding a secretory δ molecule was only found in the genome of channel catfish (Bengten et al., 2002) , and interestingly, in catfish serum the secreted δ molecule (~105, 150 or 180 kDa) lacked the V region and the Cμ1 domain, instead it contained only the Fc portion (Cδ1δ2δ3δ4δ5δ6δ7δsec or Cδ1(δ2δ3δ4) 2 δ5δ6δ7δsec) (Bengten et al., 2002; Edholm et al., 2010a) . Furthermore, there was no evidence that the catfish secretory δ molecules associated with L chains form a typical Ig containing equimolar H and L chains (see the review by Bengten et al., in this issue) . Thus it would seem unlikely that the LMW Ig is a secretory IgD, however, since the gene organization of IgD in teleosts is very variable, the possibility that the LMW Ig corresponds to an IgD in some species cannot be completely overruled. Excitingly, the gene (ighτ/ighζ) encoding the H chain of a third teleost Ig isotype (IgT/IgZ) was discovered in the genomes of rainbow trout , zebrafish (Danio rerio) (Danilova et al., 2005) , fugu (Takifugu rubripes) (Savan et al., 2005b) , and carp (Savan et al., 2005a) in 2005. After that, similar genes have been identified in almost all studied species belonging to the main orders of teleost fish (reviewed in (Zhang et al., 2011) ) except catfish (Bengten et al., 2006) ; the completion of the catfish genome may finally reveal whether or not IgT is present in this species. So far, the physicochemical features and functional roles of IgT/IgZ have not been widely investigated except for the case of trout IgT . Trout serum IgT is a monomer with a molecular mass similar to those of the above mentioned LMW Ig described in the same species (Elcombe et al., 1985) as well as in other teleosts (Clem and McLean, 1975; Watts et al., 2001) . Thus, if the serum LMW Ig is actually a monomeric IgT/IgZ, its H chains (70-75 kDa) in margate (Clem and McLean, 1975) and tuna (Watts et al., 2001 ) may be predicted to have four C domains like that of rainbow trout and most other teleost, while the H chains (~45 kDa) of putative serum IgT/IgZ in giant grouper (Clem, 1971) and sheepshead (Lobb and Clem, 1981d) would presumably contain two C domains like that of fugu IgT (Savan et al., 2005b) or carp chimeric IgM-IgT (Savan et al., 2005a) . It is clear that to demonstrate the identity of the LMW Ig in teleost, more detailed molecular and biochemical analyses are required. For example, the genomic information of each igh locus needs to be completed at least in the most important model species; the mono-specific Abs against each Ig isotype (IgM, IgT/IgZ, and IgD) should be developed; and the physicochemical features and functional roles of each Ig isotype need to be investigated globally. Moreover, we anticipate that new conclusive data could be obtained by re-analysing previous LMW Ig studies.
Besides H chain heterogeneities in teleost serum Ig, several L chain isotypes/variants have also been identified. At the protein level, IgL masses are available from Southern bluefin tuna (~28, 29 kDa) (Watts et al., 2001) , rainbow trout (~24, 26 kDa) (Sanchez and Dominguez, 1991) , Atlantic salmon (Salmo salar) (~25, 27 kDa) (Havarstein et al., 1988) , European perch (~27-30 kDa) (Whittington, 1993) , and channel catfish (F, ~22/24 kDa; G, 26 kDa; σ, ~27 kDa; λ, unknown size) (Edholm et al., 2010a; Edholm et al., 2009; Lobb et al., 1984) . Such differences were identified based both on molecular size and structural/ antigenic analyses. Interestingly, up to four L chain variants (~27-30 kDa) were found in perch HMW Ig preparations, while only the lightest two L chains (~27, 28 kDa) were found in the LMW Ig population (Whittington, 1993) . This bias raises the questions of whether certain L chain isotypes preferentially associate to a particular H chain isotype (for example, τ, μ, or δ in trout) and whether that happens in specific tissues or at different developmental stages in response to different types of pathogens. In teleosts, Igκ genes (F and G in catfish) are the most abundantly expressed in PBLs, with only 2% of IgM + cells expressing Ig λ and Ig σ (Edholm et al., 2009 ). However, with the exception of the catfish (Edholm et al., 2010a; Edholm et al., 2010b; Edholm et al., 2009; Lobb et al., 1984) very little is known with regards to which particular L chain isotypes correspond the protein bands detected by SDS-PAGE, and thus, specific antibodies against these light chains are required to solve this issue. For further details on the molecular and genomic characterization of teleost L chains please refer to (Hikima et al., 2010; Pilstrom, 2002 ) (see also the review by Edholm et al. in this issue (Edholm et al., 2011) ).
Immunoglobulins in intestine and bile
Until now Ig present in the gut mucus of telesots has been poorly studied, in part due to methodological challenges imposed by the large amounts of proteolytic enzymes in the collected gut mucus, as reported in Atlantic salmon (Hatten et al., 2001) . Nonetheless, differences between gut mucus/bile and serum Ig have long been acknowledged. In the bile of sheepshead, a dimeric Ig (~320 kDa) was described with H chains of 55 kDa, which appeared to be different from either the serum tetrameric Ig or the skin mucus dimeric Ig, based on differences in its antigenicity and H chain size (Lobb and Clem, 1981b) . In rainbow trout, when analysed by gel filtration, the IgM is tetrameric in both serum and gut mucus, while the IgT in serum and gut mucus is chiefly monomeric and polymeric respectively. Interestingly, by SDS-PAGE under nonreducing conditions, the polymeric gut mucus IgT migrates as a monomer, thus indicating that the monomeric subunits of gut polymeric IgT are associated by non-covalent interactions . This situation in gut polymeric IgT differs from that of IgM in which its monomers are for the most part associated by covalent (disulfide) bonds (Kaattari et al., 1998) . Moreover, while the concentration of IgM in serum (2.5 mg ml −1 ) was found to be much higher than that in gut mucus (0.075 mg ml −1 ), the concentration of IgT in gut mucus (0.007 mg ml −1 ) was double to that of serum. This suggested that teleost IgT could have an important role in gut mucosal immunity as demonstrated in the same study . Interestingly, in sheepshead, the concentration (0.09 mg ml −1 ) of total bile Ig (HMW plus LMW Ig) detected with a polyclonal antibody (Lobb and Clem, 1981a) was comparable with that (0.082 mg ml −1 ) of trout gut mucus Ig (IgM plus IgT) . Further details on the biochemical structure of gut mucus IgT and IgM are provided in Zhang et al., 2010; Zhang et al., 2011) .
Immunoglobulins in skin and gill
Compared with the high concentration of serum Ig in teleost, Ig is present at a very low concentration (8-90 μg ml −1 ) in the skin mucus (Hatten et al., 2001; Lobb and Clem, 1981a; Rombout et al., 1986) . In terms of spatial distribution, Ig levels in channel catfish were found to be highest on lateral skin, between the gill cover to the dorsal fin, lower between pectoral to anal fins, and lowest on the tail and ventral skin (Zilberg and Klesius, 1997) . In the skin mucus of sheepshead, two Igs of different molecular weights were observed (Lobb and Clem, 1981c) , one was tetrameric (~700 kDa), similar to the serum HMW Ig, and the other one was dimeric. A portion (~350 kDa) of the dimeric Ig consisted of monomeric units associated by non-covalent bonds, while the other portion (400-500 kDa) was covalently linked and associated with a protein (~95 kDa). This protein was presumed to be a secretory component (SC) of the polymeric Ig receptor (pIgR), but its size is in disagreement with that of the SC recently identified in fugu (~60 kDa) (Hamuro et al., 2007) and trout (~35 kDa) . The ratio of LMW to HMW Ig was 3 times higher in the skin mucus than serum in sheepshead (Lobb and Clem, 1981a) . In olive flounder (Paralichthys olivaceus), a monomeric Ig was detected in the cutaneous mucus with a monoclonal antibody (mAb) against a L chain of serum Ig purified with mannan-binding protein (MBP) affinity column (Palaksha et al., 2008; Shin et al., 2007) . In carp, the Ig from cutaneous mucus had different protein/carbohydrate composition and antigenicity from that of serum IgM, and the electophoretic analysis revealed that the majority of both Igs were tetrameric (Rombout et al., 1993b) . One could speculate that this tetrameric cutaneous Ig in carp may correspond to one of the two recently identified carp IgZ (IgZ1 and IgZ2 (Ryo et al., 2010; Savan et al., 2005a) . In rainbow trout skin mucus, besides the homogeneous redox forms of tetrameric IgM (~800 kDa) found in serum, a unique redox form consisting of halfmeric constituents (H 1 L 1 , ~100 kDa) has been reported (Bromage et al., 2006) . Studies in catfish, on the other hand, did not reveal apparent differences between skin mucus and serum Igs, that is, denaturation of the tetrameric IgM produced eight redox forms, the smallest being a halfmer and the largest a fully linked tetramer (Lobb, 1987) .
Thus far biochemical analyses on gill mucus immunoglobulins are lacking, although specific IgM responses have been described in the gill mucus from a very small number of teleost species ( (Lumsden et al., 1993; Lumsden et al., 1995) and see section 5.3 of this review). Thus, a detailed biochemical characterization of gill immunoglobulins is required to have a better understanding of mucosal immune responses in these areas. In that regard, it will be interesting to ascertain whether IgT/IgZ is the prevalent immunoglobulin in gill and skin mucus, as it has been found to be the case in the gut mucus of rainbow trout .
Synthesis and transport of immunoglobulins in mucosal sites
Once structural differences between mucosal and systemic Igs in teleost were found, the question "where do mucosal antibodies come from?" arose. Early studies in sheepshead addressed the metabolic relationships of the Igs found in the serum, skin mucus, and bile by monitoring intravenously injected radiolabeled serum Ig. The authors concluded that the Igs in skin mucus and bile were not derived from the HMW or LMW Ig in serum through simple transudation or active transport, and therefore the Ig in mucosal secretions must have been the result of local synthesis (Lobb and Clem, 1981a) . In other teleost species, Ig found in liver extracts suggested that sIg could be transported across the hepatocytes, to be secreted into the bile (Abelli et al., 2005; Jenkins et al., 1994; Rombout et al., 1986) . In that regard, it is well known that mammalian sIg can reach the luminal area of the gut through the bile, which contains sIg taken up from plasma by liver hepatocytes that use pIgR for the transcytosis process (Brown and Kloppel, 1989) . In carp, skin mucus IgM specific mAbs were reactive with bile capillaries and ducts but not with the intestinal epithelium, thus suggesting that hepatobiliary transport might be the main route used by IgM found in the intestine of this species (Rombout et al., 1993b) . In the same species, the above mAbs were immunoreactive with the skin epithelium and the H chain of mucus Ig but not or hardly with the H chain of serum Ig, indicating differences in the composition of the H chains of both molecules and therefore the IgM in skin mucus must have been produced locally (Rombout et al., 1993b) . However, in naïve rainbow trout, a number of both IgM + and IgT + B cells could be observed in the LP and epithelium of the gut, an observation that suggested a role of some of these cells in producing Ig locally . Local production of immunoglobulins in the GALT probably occurs in other species as a number of studies have found B cells in the GALT of fish (see below in section 4.2),
In mammals, sIgs (secretory pentameric IgM or dimeric IgA) are synthesized and secreted by the plasma cells localized at either the MALT or the liver, and then transcytosed through the epithelial layer into the gut lumen or other mucosal sites by the pIgR expressed on the surface of epithelial cells. After transport of the sIg-pIgR complex into the apical pole of the cells, the complex is cleaved off and released into the luminal area. At that point, the sIg remains covalently bound to a portion of the pIgR designated as the secretory component (SC) (reviewed in (Brandtzaeg, 2009; Brandtzaeg et al., 2008; Rojas and Apodaca, 2002) ). The pIgR seems to play a pivotal role in the secretory system of fish. Thus far, pIgR orthologues have been identified in fugu (Hamuro et al., 2007) , common carp (Rombout et al., 2008) , orange-spotted grouper (Epinephelus coioides) (Feng et al., 2009) , and rainbow trout . Functional studies have shown that teleost pIgR binds to IgM (Feng et al., 2009; Hamuro et al., 2007; Zhang et al., 2010) , as well as to IgT . In rainbow trout, gut mucus IgM and IgT were shown to be associated to the SC of the pIgR, whereas serum Ig was devoid of this association, thus implying a role of trout pIgR for the transport of sIg into the gut luminal area . These data resembled that of the report on fugu pIgR, in which skin mucus IgM was found associated to a fugu pIgR fragment (Hamuro et al., 2007) . The identification of pIgR orthologues in common carp (Rombout et al., 2008) and orange-spotted grouper (Epinephelus coioides) (Feng et al., 2009) further indicated that the mucosal Igs of teleost, like mammalian polymeric Igs, need to be transported by a pIgR, although the teleost pIgR only consists of two Ig-like domains, which correspond to the first and fifth domains of mammalian pIgR, respectively (for more extensive reviews on fish pIgR see Zhang et al., 2011) ).
B cells in mucosal sites
To define teleost B cells and to investigate their lymphogenesis, specific mAbs against fish IgM have been developed over last few decades. Thus, anti-IgM mAbs have been developed in many teleost species (e.g., channel catfish (Lobb and Clem, 1982) , rainbow trout (DeLuca et al., 1983) , carp (Koumans-van Diepen et al., 1995; Secombes et al., 1983) , and sea bass (Dicentrarchus labrax) (Scapigliati et al., 1996) ). However, a full characterization of the additional teleost B cell subsets has been missing until recently. The production of mAbs against rainbow trout IgT (Zhang et al., 2010) and channel catfish IgD (Edholm et al., 2010a) has unraveled new knowledge on B cell subsets from different lymphoid organs. Using these new tools, three B cell subsets were identified in catfish: IgM + /IgD − , IgM + / IgD + , IgM − /IgD + (Edholm et al., 2010a) , while two B cell subsets were identified in rainbow trout: IgM + /IgD + /IgT − and IgM − /IgD − /IgT + . Thus, a total of four B cell subsets have been described thus far in teleosts, three subsets solely express surface IgM, IgD or IgT, and a subset coexpresses surface IgM and IgD. However, less is known in terms of the distribution of these different subsets in systemic and mucosal sites (see sections 4.2-4.4).
In teleost fish, the head kidney (HK) or pronephros (the bone marrow equivalent) is considered the primary lymphoid tissue, a key hematopoetic organ, and an important source of B cells, while the thymus is the primary lymphoid tissue for T cells (Hansen and Zapata, 1998; Rombout et al., 2005; Zapata et al., 2006) . The spleen contains a large number of B cells in adult teleost and, like the HK, it also serves as a secondary lymphoid tissue. From trout studies, it appears that the spleen is a site for B cell activation and plasmablast formation and differentiation into plasma cells. Plasma cells migrate to the HK and therefore the spleen harbours far fewer Ig-secreting cells than the HK (Bromage et al., 2004a) (reviewed in this issue by Ye et al. (Ye et al.) ). In addition, the spleen is involved in trapping antigens from the bloodstream, and is also an organ in which activation and differentiation of B cells occur (see reviews by (Solem and Stenvik, 2006) and in this issue by Ye et al. (Ye et al.) ). Besides the above mentioned major sources of B lymphocytes, the MALT of teleosts also contain B cells (see sections 4.2-4.4), although very little is known with regards to their origin, activation and differentiation into plasmablasts and plasma cells. Thus, further studies will have to address whether B cells found in the fish MALT originate locally or migrate there from other lymphoid tissues, or both. Moreover, the presence of memory cells and long-lived plasma cells from mucosal tissues has never been investigated in fish thus far, in part due to the lack of suitable reagents. It is worthwhile mentioning that B cells from teleost fish have been reported to be highly phagocytic and to display microbicidal properties (Li et al., 2006; Overland et al., 2009; Zhang et al., 2010) . Thus far, such phagocytic and microbicidal capacities have only been reported for B cells of systemic lymphoid organs; whether B cells from mucosal sites have similar activities, remains to be investigated.
Ontogeny of teleost fish B cells
Ontogenic studies in teleost fish are of key importance for determining the onset of immunocompetence and the time for effective vaccination (Zapata et al., 2006 (Solem and Stenvik, 2006) . Additionally, the methods (immunohistochemistry, flow cytometry, ELISPOT, in situ hybridization or RT-PCR) used to detect the B cells are not always comparable (Magnadottir et al., 2005) .
Some general features can be highlighted regarding the ontogeny of B cells: i) Ig-producing cells appear first in HK, followed by the spleen, and finally in the MALT; ii) surface Ig expression occurs earlier than cytoplasmic Ig (cIg) in Ig-producing cells (this however maybe due to differences of interpretation depending on the detection methods used to identify surface or cytoplasmatic Ig); and iii) Ig-producing cells appear earlier in freshwater species than marine species (reviewed in Rombout et al., 2005; Solem and Stenvik, 2006; Zapata et al., 2006) ). This may be explained by the very distinct ecological strategies adopted by freshwater versus marine fish. We speculate that the greater size of the eggs, and earlier the developmental stage of freshwater fish larvae at the time of hatch may point out to an early differentiation of tissues and organs when compared to marine fish. This hypothesis however needs to be experimentally addressed.
In carp, for example, surface IgM + cells were first detected in HK and spleen at 2 weeks post-fertilization (wpf), whereas the first cytoplasmic IgM + plasma cells were detected from 4 wpf, then the B cells departed from kidney and spleen at 5 wpf to populate peripheral organs like the gut, indicating that mucosal immunity does not develop before this stage in carp (Koumans-van Diepen et al., 1994; Romano et al., 1997b; Rombout et al., 2005) . In a similar study, carp WCI12 + B cells were found in the intestine and gills at 6-7 wpf and putative IEL T cells occurred much earlier. (Huttenhuis et al., 2006) . Plasma cells seem to follow a similar developmental pattern as that of IgM + B cells since they were first found in the HK of wolfish followed by the spleen and later in the gut. At the end of the study (21 weeks post hatch) neither the gills nor the skin contained any IgM plasma cells (Grontvedt and Espelid, 2003) . It is possible that antigenic stimulation triggers plasma cell development at mucosal sites since 0.1 g seabass fry showed IgM production in the gills following immersion with Photobacterium damselae bacterin (dos Santos et al., 2001a) .
In zebrafish, the expression order of IgM during the ontogeny of immune system was detected as follows: transcript of surface Ig (7 days post-fertilization, 7 dpf), transcript of Ig H chain in pancreas (10 dpf), transcript of secretory Ig (13 dpf), transcript of Ig H chain in HK (19 dpf), and detectable humoral Ig (28 dpf), which was consistent with the time when carp plasma cells could be detected (4 wpf) (Danilova et al., 2005; Danilova and Steiner, 2002; Lam et al., 2004) . During the ontogenesis of mandarin fish (Siniperca chuatsi), transcripts of IgM were initially detected by in situ hybridization in HK (20 dph), then in spleen (26 dph) and thymus (39 dph), and much later in intestine (87 dph) and gill (90 dph) (Tian et al., 2009b) .
In carp, a recent study measured the expression of IgM, IgZ1 and IgZ2 transcripts. Whole embryos showed constitutive expression of all three isotypes at 4 dpf, with IgM being the predominant form (Ryo et al., 2010) . Regarding MALT, IgM was first detected in the gut after 4 weeks, and IgZ1 and IgZ2 after 16 weeks. In the same study, gut from juvenile carp (16 and 33 wpf) showed higher levels of IgZ2 expression than IgM and IgZ1. Further information on the ontogeny of teleost intestinal B cells can be found in the recent review .
B cells in intestine
Although teleosts have a more dispersed GALT, which is morphologically and functionally different from that of mammals (e.g., teleost lack PPs and MLNs), most immune cells necessary for a local immune response are abundantly present in the LP and the intestinal epithelium of the studied species . The proportion of B cells in isolated gut cell suspensions has generally been reported to be low and variable among the studied teleost species. For instance, within the GALT of sea bass (dos Santos et al., 2000; dos santos et al., 1997; Romano et al., 1997a) , carp (Rombout et al., 1998) , and rainbow trout ) about 2-12% of the isolated leukocytes were surface IgM-positive as detected by flow cytometry. In carp (immunohistochemistry) (Rombout et al., 1993a) , sea bass (immunohistochemistry) (Abelli et al., 1997) , Atlantic cod (in situ hybridization) (Schrøder et al., 1998) , turbot (Scophthalmus maximus) (immunohistochemistry) (FournierBetz et al., 2000) , zebrafish (in situ hybridization) (Danilova and Steiner, 2002) , spotted wolfish (Anarhichas minor Olafsen) (in situ hybridization) (Grontvedt and Espelid, 2003) , and rainbow trout (immunohistochemistry) , IgM + cells were found mainly in the LP of both anterior and posterior intestine, although these cells could also be detected in the epithelium, albeit to a lesser degree. In Atlantic halibut, by immunohistochemical analysis, IgM + cells were distributed more commonly within the epithelium (particularly of the posterior intestine) than within the LP (Grove et al., 2006a) . Notably, a gradually increasing number of IgM + cells was established from the anterior and middle to the posterior part of the intestine of sea bass, which suggested a higher immunological relevance for the posterior gut (Abelli et al., 1997) , where absorption of antigens has been reported in Atlantic halibut (Strand and Dalmo, 1997) . In a recent report on the distribution of IgM, IgD, and IgZ in the lymphoid tissues of mandarin fish, in situ hybridization studies showed that IgM-producing cells could only be detected at the submucosa and LP of posterior intestine, while no IgZ or IgD positive cells were present in intestine (Tian et al., 2009a) . Studies in rainbow trout using anti-IgM-and -IgT-specific Abs, both IgM + and IgT + cells were detected in the LP and to lesser degree, within the epithelium . Using in situ hybridization, fugu, IgZ + cells with strong signals could also be detected in the intestinal epithelium (Savan et al., 2005b) .
B cells in skin
Adaptive immune elements in skin are detectable both in cartilaginous and teleost fish (Wolfle et al., 2009) . In carp skin, B cells have been detected only in the epithelium. Using mAbs against skin mucus Ig, a decreasing immunostaining reaction was observed from the basal cells layer towards the surface (Rombout et al., 1993b) . Similarly, in rainbow trout skin, strong staining of the basement membrane area, less bright staining of the epithelial layer, and occasional or clusters of cytoplasmic staining cells (plasma cells) in the dermis or subepidermal layer, were shown when using pAb against serum IgM (St Louis-Cormier et al., 1984) . However, it is possible that the pAb anti-IgM used in the aforementioned study might have cross-reacted with skin IgT as the first constant domain of IgT bears a striking resemblance to that of IgM, and in addition, light chains of IgT and IgM are probably shared. In spotted wolffish, by using in situ hybridization, IgM + cells were found both in the epithelium near the basal membrane and further out in the epidermis (Grontvedt and Espelid, 2003) . The subepidermal plasma cells may be responsible for the production and transport of at least a part of the Ig to skin mucus. Within the skin epidermis of channel catfish numerous lymphocytes were predominantly associated with the basal layer (Lobb, 1987) , albeit only a few were IgM-secreting cells. However, the numbers of IgM-secreting cells (~160/cm 2 skin) increased 20-fold following immunisation of channel catfish with the protozoan parasite Ichthyophthirius multifiliis (Zhao et al., 2008) .
Altogether, the studies highlighted in this section support the idea that fish have a secretory immune system associated with their skin and that it is likely to play a key role against pathogens (St Louis-Cormier et al., 1984) . The presence and role of non-IgM + B cells (i.e., IgT/IgZ + or IgD + ) in teleost SALT has not yet been investigated. Future studies on these skin B cell subsets are required to understand further the specific contribution of all teleost Ig isostypes in skin immunity.
B cells in gill
The gills are large mucosal surfaces and very important portals for pathogen entry in fish (Grove et al., 2006a; Holzer et al., 2003) . To date, very few studies have examined the distribution and role of B cells and plasma cells in the gills of teleost fish. In Atlantic halibut (Grove et al., 2006a) , IgM + cells were found abundantly in the stratified epithelium of the gill arch and filaments, whereas in spotted wolffish (Grontvedt and Espelid, 2003) , IgM + cells were detected in the primary gill lamellae and in gill filaments along blood vessels. Moreover, both IgM + and IgZ + B cells are present along the gill filaments of mandarin fish as shown by in situ hybridization (Tian et al., 2009a) . In fugu, IgZ + cells with strong signals could also be detected in gill by using in situ hybridization (Savan et al., 2005b) . In a recent report, immunohistochemistry was used to show the presence of IgT + B cells in the gills of rainbow trout, using an anti-trout IgT antibody. IgT + B cells appeared located in the epithelium of the gill lamellae. IgM + B cells, in turn, were found in gill arterioles and lamellar capillaries. However, the reactivity and specificity of this antibody for trout IgT remains to be shown (Olsen et al.) . In dab, by using the ELISPOT assay, a mean of 4227 'constitutive' IgM-secreting cells/10 6 cells were detected in the gills, which were fewer than those in HK but more numerous than those in peripheral blood leukocytes (Davidson et al., 1997) . In the same study, the number of specific IgM-secreting cells in the gills against human gamma globulin (HGG) following intraperitoneal (i.p.) or oral administration of HGG was also determined. Few anti-HGG cells were detected following i.p. immunisation, and even less after oral immunisation, which indicated that the contribution of 'constitutive' IgM-secreting cells in the gills of dab was more substantial than that of elicited specific ones (Davidson et al., 1997) . Interestingly, in the recently identified ILT, very few IgM + cells were detected (Haugarvoll et al., 2008; Koppang et al., 2010) , however this cannot exclude the possibility that other B cell subsets (IgT + and IgD + ) are present in the ILT.
Mucosal immune responses
In this section we will exclusively focus on immunoglobulins, B cells and ASCs since other cellular and humoral immune defences present in the teleost mucosal immune system are beyond the scope of this review. Tables 3-5 summarise most of the available literature regarding the teleost mucosal secretory system. Table 3 shows the available literature regarding systemic and gut antibody and B cell responses in fish. Additionally, studies where GALT and at least another MALT were measured appear in Table 5 .
Responses in the gut
Oral immunisation delivers antigen in the feed. This route has disadvantages due to the strong physiological conditions imposed in the first portions of the GI tract, and thus, it typically results in weak immune responses (Ellis, 1995; Sun et al., 2010) . A variety of vaccine formulations and delivery methods have been and still are devised to overcome antigenic degradation in the stomach (Ellis, 1995) (see the review by LaPatra et al. in this issue).
Oral and anal intubations have been experimentally used to deliver antigens to the GI tract. Generally speaking, anal intubation results in greater immune responses than oral intubation due to: i) avoidance of antigen degradation in the anterior portion of the GI tract where very low pH levels may be present, and ii) arrival of intact antigen to the second portion of the gut, which at least in some species, has a great antigen uptake capacity (Strand and Dalmo, 1997) . Most of the peroral and peranal studies have either used particulate antigens or bacterial formulations. For example, carp orally immunised with BSA-containing liposomes induced significant anti-BSA IgM in serum as well as in intestinal mucus and bile but the same dose of BSA-containing unstable liposomes or BSA alone failed to do so. BSAspecific ASCs were also detected in the spleen and HK of immunised fish (Irie et al., 2003) . Despite the abundance of oral vaccination studies most of them only measure systemic IgM levels and thus mucosal IgT and IgM responses remain unknown. -Pellitero, 2008) . Among parasitic models, myxozoans are particularly relevant because many of them specifically infect the gut of both freshwater and marine teleosts. Cohabitation challenge of turbot with Enteromyxum scophthalmi results in a leukocyte infiltration in the intestine. The infiltration, consisting mainly of lymphocytes, was only assessed by light microscopy, and no specific IgM could be detected in serum (Sitja-Bobadilla et al., 2006) . Using the same parasite-host model, experimental infection by effluent transmission resulted in an increase in the number of IgM + cells present in the gut of recipient fish 78 days post-exposure (Bermudez et al., 2006) . Earlier studies also recorded similar results in carp experimentally infected with the enteric protozoan parasite Goussia carpelli (Steinhagen and Rombout, 1994) . Different conclusions were recently obtained in trout surviving Ceratomyxa shasta natural infections, another myxosporidian parasite . In that study, numbers of IgM + B cells in the gut of survivor fish remain unchanged when compared to control animals, while parasite-specific IgM titers were detected only in the serum of these animals. Conversely, significant accumulations of IgT + B cells were detected in the gut (Fig. 1) , a result that correlated with elevated C. shasta-specific IgT titers in gut mucus. In contrast, no IgT titers could be detected in serum of survivor fish, thus revealing a compartmentalization of IgT and IgM responses in mucosal versus systemic compartments respectively . Thus far, the aforementioned study is the only one that has evaluated both IgM and IgT responses in a gut infection model in teleost. It is possible that natural infections stimulate gut B cells in a different manner than experimental ones, such as effluent transmission with E. scophthalmi used by Bermudez (Bermudez et al., 2006) to infect turbot in order to reproduce natural conditions. Alternatively, E. scophthalmi and C. shasta may elicit different B cell and antibody responses in the gut since they belong to two different genera of myxosporidians. Another possibility is that different fish species respond differently to these parasites. Clearly more studies are required to evaluate all these possibilities. In that regard, it is worthy mentioning that in mammalian models, even different strains of Giardia induce high or low IgA responses in the gut (Langford et al., 2002) , thus it is likely that IgT and IgM responses in fish may be dependent not only on the myxosporidian parasite species but also on the specific strain of the parasite used. In that respect, the existence of host-specific C. shasta genotypes infecting rainbow trout and Chinook salmon (Oncorhynchus tshawytscha) has recently been shown (Atkinson and Bartholomew, 2010) . It is anticipated that future work is required to evaluate whether these different strains induce different IgT and IgM responses in the same host.
Gut Ig responses against Myxozoan parasites-For a review on innate and adaptive immune responses in fish against parasites see (Alvarez
Gut Ig responses against other parasites-A very early study experimentally infected dace (Leuciscus leuciscus) with larvae of the intestinal cestode parasite
Caryophyllaeus laticeps. Parasites were recovered from the fish intestine but serum antibodies could not be detected (Kennedy and Walker, 1969) . Cyprinid fish (chub) naturally and experimentally infected with the acanthocephalan parasite Pomphorhynchus laevis produced specific antibody titers both in the serum and intestinal mucus, suggesting the presence of a secretory antibody system in this fish (Table 3 ). The author stated that the precipitins appeared to have similar chemical characteristics to IgM-type antibody (Harris, 1972) .
Oral administration of the microsporidian Glugea plecoglossi spores to ayu (Plecoglossus altivelis) resulted in specific IgM reponses against the intact spores 10 days postimmunisation and no more significant increases in the antibody levels were observed . Naturally infected ayu contained variable IgM levels not different from uninfected fish. Because the intensity of infection (number of cysts) was not related to the antibody levels both in the artificially and naturally infected fish, authors concluded that antibody production against the intact spores of G. plecoglossi played no protective role against G. plecoglossi infection. However, it is unknown whether gut mucosal IgT/IgZ responses were induced in this study.
Gut Ig responses against bacteria-Several studies have evaluated the induction of antibody responses in teleost following bacterial immunisations, however, very
little is known in the case of natural infections. Several common fish bacterial pathogens such as Aeromonas salmonicida and Vibrio anguillarum, are known to disrupt the gut epithelial barrier of Atlantic salmon and induce mobilization of leucocytes in the gut (Ringo et al., 2007) .
The identification of IgM ASCs in trout gut was first reported by Davidson (Davidson et al., 1993b) . In this study, i.p. injection and peroral intubation were compared. The magnitude of the responses in the gut was comparable to that of the HK in both immunisation routes, but the kinetics of the responses was clearly different. Systemic immunisation resulted in a peak of ASCs in the HK at week 3, and gut responses did not initiate until week 7. When gut mucosa was targeted, both gut and HK ASCs peaked at week 3 only (Davidson et al., 1993b) (Table 3) .
Feeding Aeromonas hydrophila ghosts to carp (C. auratus gibelio) resulted in higher IgM titers in the intestine and serum (both peaking at weeks 5 and 6 post-immunisation) (Table  3 ) than the formalin-killed bacteria. It is interesting that in this study gut mucus IgM titers were twice as high as those found in serum. Up to 80% protection to homologous injection challenge was recorded in the ghost vaccinated group whereas the formalin-killed formulation conferred about 60% protection (Tu et al., 2010) .
V. anguillarum but not P. damselae ssp. piscicida i.p. injection significantly increased specific gut ASC numbers compared to controls in seabass, especially during the secondary response. ASC numbers were highest at 7-9 days post-boost (~1000 ASC/10 6 gut leukocytes) and quite similar to those found in HK, which peaked about 3 days later. DNP-KLH injection resulted in non-significant elevation of gut ASC during both primary and secondary responses, with the spleen reaching the highest ASC numbers (dos Santos et al., 2001b) .
In higher vertebrates, colonisation of the mucosal epithelium by commensal bacteria greatly affects the development of GALT, B cell responses and antibody repertoire (Lanning et al., 2005) . We currently ignore if or how the gut microbiota shapes the onset of B cell responses in the gut of teleosts. However, there seems to be a conserved response pattern to gut microbiota colonisation in zebrafish and mice. In that regard, DNA microarray studies on gnotobiotic zebrafish have shown that microbial colonisation influences for instance epithelial proliferation and innate immune responses (Rawls et al., 2004) .
Few studies have evaluated the total (non-specific) levels of IgM in the gut mucus (Salinas et al., 2008) or IgM + cells (Picchietti et al., 2007) of fish fed probiotic-supplemented diets. For a review of fish probiotics and immunity see (Nayak, 2010) . Generally speaking, delivery of probiotic bacteria results in greater numbers of IgM + B cells in the gut lamina propria both in juveniles and developing larvae (Abelli et al., 2009) . Similar studies are still to be conducted on IgT/IgZ but we anticipate exciting results in this area given the involvement demonstrated of this Ig class in gut immune responses .
Gut Ig responses against viruses-Few studies have examined the use of oral vaccines against viral diseases of fish and thus, antiviral immune responses of fish elicited
by oral immunisation remain largely uncharacterized (Sato and Okamoto, 2010) . Most studies that have used oral delivery of viral antigens in fish (Adelmann et al., 2008; Yasumoto et al., 2006) have not looked into the local production of Igs in the different MALT. Hence, we have very little evidence that teleosts produce virus-specific antibodies in their skin, gut or gills.
Cain (Cain et al., 1996) was able to detect low anti-IHNV (infectious hematopoietic necrosis virus) activity in gut mucus of juvenile rainbow trout following immersion with this virus. Interestingly, neutralising activity was also present in gut mucus following injection challenge but titers were lower than in the waterborne challenge. However, titers were higher in control fish than in infected fish and authors concluded that mucosal antibodies were not involved in preventing infection or virus clearance. The same study found even lower amounts of anti-IHNV activity in cutaneous mucus (Table 5) . It is worth noting that IHNV challenged fish had neutralising antibodies (IgM) in serum but not in mucosal secretions as detected by ELISA. So, was IgT responsible for the mucosal antiviral activity recorded? In a more recent study, ginbuna crucian carp (Carassius auratus langsdorfii) orally intubated with inactivated crucian carp hematopoietic necrosis virus (CHNV) showed some serum neutralising antibodies (mucosal Ig titers were not measured) but the responses were weak, slow and transient (Sato and Okamoto, 2010) . On the other hand, i.m. injection of nodavirus in halibut did not change the relative numbers or the distribution of gut IgM + cells (Grove et al., 2006b) . There is no doubt that antiviral oral vaccines are still at their infancy and more efforts should be devoted to analysing the type of systemic and mucosal responses they may elicit. Table 4 shows the available literature regarding systemic and skin antibody and B cell responses in fish. Additionally, studies where skin and at least another MALT were measured appear in Table 5 .
Responses in the skin
Early studies conducted on the sheepshead demonstrated that the presence of Ig in skin mucus is due to local production and not transudation or transport from serum Ig (Lobb and Clem, 1981a) . Next, the presence of Ig-containing plasma cells in cutaneous dermis of trout was demonstrated (St Louis-Cormier et al., 1984) . Later work has identified the presence of IgM + B cells and IgM ASCs in the epidermis of catfish (Zhao et al., 2008) and their capacity to proliferate in vitro upon LPS stimulation. Functional studies on the skin secretory system are nevertheless scarce and always refer to IgM levels only.
Many fish parasites are ectodermic or cause skin lesions and therefore Ig responses in skin mucus during parasitic infections are an excellent model for the study of cutaneous sIg. As a consequence, skin sIg studies against parasites are more numerous than in the case of bacteria or viruses.
Skin Ig responses against Ciliophora parasites-Previous studies on the common parasitic ciliate Ichtyophthirius multifiliis have provided abundant data concerning
mucosal IgM responses in teleost skin. For reviews on this parasite please see (Buchmann et al., 2001; Matthews, 2005) .
Both Ig H and L chain transcripts were up-regulated in carp skin infected with I. multifiliis (Gonzalez et al., 2007) . Catfish immunised by surface exposure to the theronts of I. multifiliis produced transient IgM in cutaneous mucus around the time of infection resolution and the production of mucus and serum antibodies was not synchronised (Maki and Dickerson, 2003) . Anti-Ich cutaneous IgM were shown effective at reducing theront infectivity in catfish (Xu and Klesius, 2003) . Moreover, I. multifiliis infection resulted in an increase of IgM + B cells and both nonspecific and specific IgM ASCs in the epidermis of catfish (Zhao et al., 2008) . I.p. injection of I. multifiliis sonicated trophonts (but not formalin-killed or freeze-thawed formulations) did elicit specific serum (titers=210-480) and skin mucus (titers ~50) IgM (both peaking 22 days post-injection) as well as 60% protection against challenge in channel catfish (Xu et al., 2009a) (Table 4) . Another ciliate parasite, Cryptocaryon irritans, also induced specific IgM responses in the skin of grouper (Epinephelus coioides) after immunisation by surface exposure or i.p. injection (Luo et al., 2007) . Interestingly, serum IgM titers were higher in the i.p. group, especially after 4 weeks, but surface exposure resulted in higher skin IgM titers than i.p. injection, particularly after 6 weeks. In a similar study, vaccination of grouper was carried out by a low level exposure to live C. irritans theronts followed by i.p. injection of a vaccine consisting of formalin-killed theronts. This immunisation effectively induced specific skin IgM (serum IgM titers were not measured) and protected between 62.5% and 100% of the grouper from C. irritans infection (Yambot and Song, 2006) .
Skin Ig responses against other parasites-Less obvious responses have been
observed in other studies. Only some eel (Anguilla japonica) individuals infected with the microsporidian Pleistophora anguillarum produced specific skin mucus IgM (Hung et al., 1997) . Similarly, specific IgM against the dinoflagelate ectoparasite Amyloodinium ocellatum was rarely detected in skin mucus and in the serum of some but not all infected clownfish (Amphiprion frenatus) (Cobb et al., 1998a; Cobb et al., 1998b) . Specific cutaneous IgM against the molluscan parasite Utterbackia imbecillis was detected in bluegill sunfish (Lepomis macrochirus) following multiple infections by immersion challenge. Low but significant anti-glochidia antibodies were measured in the skin mucus during the first two infections. Interestingly, a more pronounced increase was observed after the third infection (day 60) (Rogers-Lowery et al., 2007) .
The monogenean Neobenedemia girellae oncomiracidia expresses a ciliary antigen that induces serum and skin mucus antibodies but no correlation was found between both responses (Hatanaka et al., 2005) . I.p. injection of sonicated monogenean Heterobothrium okamotoi oncomiracidia or their cilia induced specific skin mucus IgM in tiger puffer Takifugu rubripes 75 days after a booster immunisation (Umeda et al., 2007) . No differences in IgT or IgM transcript expression were found in the skin of trout infected with Gyrodactylus salaries compared to uninfected controls (Jorgensen et al., 2009) .
Skin
Ig responses against bacteria-With regards to bacterial models, Flavobacterium columnare was able to induce specific cutaneous IgM both in catfish (Shoemaker et al., 2005) and in tilapia (Grabowski et al., 2004) as shown in Table 4 . In catfish, experimental infection was conducted by i.p. injection, followed by a boost by immersion or i.p. injection. Specific titers were measured from in vitro supernatants of skin explants. I.p. infected fish showed the highest skin IgM levels at day 16 (mean titer=44) and neither of the boosting protocols resulted in higher cutaneous IgM (mean titers=4-16) (Shoemaker et al., 2005) . In contrast, when catfish were experimentally infected (immersion) with Edwardsiella tarda, no specific IgM could be detected in the skin mucus (Zilberg and Klesius, 1997) . In tilapia i.p. injection but not immersion vaccination with F. columnare elicited specific cutaneous IgM (Grabowski et al., 2004) . In a different study, rainbow trout were immunised with 8 different F. psychrophilum formulations by i.p.
injection or immersion. IgM responses were measured in serum and skin mucus after first and boost immunisations followed by bacterial challenge (LaFrentz et al., 2002) . Again, i.p. injection of killed F. psychrophilum, but not immersion with the killed bacteria, induced serum IgM from week 6 and skin mucus IgM at week 9 (titres about 3 times lower than in serum).
Thus, it appears that immersion vaccination with killed Flavobacterium spp. is not an effective way to stimulate skin IgM responses. Does IgT play a role in these models?
Other studies testing immersion vaccination with other bacterial pathogens have revealed different results. Eels immunised by immersion with Vibrio vulnificus vaccine (EsteveGassent et al., 2003) . In that case, significant differences were found between vaccinated and unvaccinated elvers from day 4 until day 11 (maximal titers of 65 at day 4). At this time, anti-V. vulnificus IgM titers in serum were not significantly different from that of the control but the response was still relatively rapid, with peak titers of 25,000 at day 7. Thus, the authors concluded that mucosal lymphocytes must be immediately stimulated upon immersion, while the antigen has to get to the kidney to stimulate lymphocytes responsible for serum antibody production. In a later study, primed eels (immunised by prolonged immersion with V. vulnificus vaccine at the elver stage) received or not, a low dose immersion boost two years later. In the boosted group skin mucus titers peaked at day 12 (titer=127) and were consistently higher until the end of the experiment. Serum titers, on the other hand, peaked at day 20 (titer~21,000) and then dropped. Boosted-eels were 100% protected against posterior bath challenge (Esteve-Gassent et al., 2004a). Bivalent Vulnivaccine was administered to eels by four different routes of immunisation. All four resulted in specific IgM responses in serum, gut mucus and skin mucus (see Table 5 ) (Esteve-Gassent et al., 2004b) .
Finally, significant specific IgM levels were recorded in the cutaneous mucus from freshwater or seawater acclimated barramundi (Lates calcarifer) after immersion or i.p. injection of inactivated Streptoccocus iniae (Delamare-Deboutteville et al., 2006) .
Interestingly, both routes resulted in higher specific IgM titers in barramundi kept in seawater compared to freshwater. Within the seawater group, fish immersion was more effective in two fish and i.p. injection was more effective in six fish. While larger numbers of fish would need to be evaluated to reach any definitive conclusions, the aforementioned findings may reflect the higher viscosity in the skin mucus in seawater compared to freshwater which, in turn, would result in higher antibody retention in the skin mucus in seawater as already demonstrated in salmonids (Roberts and Powell, 2005) . In the same study, simultaneous measurement of barramundi serum responses 21 days postimmunisation revealed low specific IgM titers in the immersion group compared to the i.p. group (around 5 times lower) (Table 4) .
Skin IgM production is also induced by oral delivery of antigen. For instance, coho salmon (Oncorhynchus kisutch) fed enteric coated lyophilised Vibrio anguillarum showed significantly higher skin mucus and serum antibody levels than controls (Table 4) . However, challenge of the fish with live bacteria did not reveal any significant differences in survival (Wong et al., 1992) . Olive flounder (P. olivaceus) fed with E. tarda ghosts produced specific IgM levels in skin mucus and serum more effectively than flounder fed with the formalinkilled bacterium (Kwon et al., 2007) (Table 4 ). In the same study, serum IgM responses were less than two times of those recorded in the skin. In addition, following challenge with E. tarda either by bath or i.p. injection, flounder orally vaccinated with the ghosts showed the greatest protection (85-90%) whereas the formalin-killed vaccine conferred lower protection (60-75%).
Skin Ig responses against viruses-
In the skin of halibut, numerous IgM + cells could be observed in the epithelium of both nodavirus-challenged (i.m.) and control fish with no significant differences between both groups (Grove et al., 2006b ). I.p. injection of white sturgeon (Acipenser transmontanus) with white sturgeon iridovirus (WSIV) resulted in anti-WSIV IgM titers of 8 and 16 in the skin mucus of two fish from the WSIV group at week 12 and four different fish at week 15 (average titer=4). Another group received an i.p. WSIV-FCA injection but no specific IgM was detected in the skin mucus of any fish (Drennan et al., 2007) . Some but not all fish responded to the immunisations by producing serum anti-WSIV IgM. Generally speaking, serum responses began at week 9 and skin mucosal responses were first recorded at week 12 (a 3 week delay period) resembling the results obtained by LaFrentz et al. (2002) explained above. Finally, excised skin explants of grass carp (Ctenopharyngodon idella) i.p. immunised with Scophthalmus maximus rhabdovirus (SMRV) showed that cutaneous antibody titers were much lower (12) than serum titers (1,458) (see Table 4 ) (Lu et al., 2008) .
Additional reported
Ig skin responses-One study addressed the issue of affinity maturation in skin-derived mucus from rainbow trout immunised i.p. with FITC-KLH . The antibody-antigen binding kinetics from serum and skin mucus was very similar and it was concluded that affinity maturation of both systemic and cutaneous IgM is low in teleosts.
It has been shown that a majority of gut commensal bacteria are prevalently coated with sIgT and to a lesser degree with sIgM . However, whether skin commensal bacteria are also coated by these sIgs is unknown to this date, although it is well established that the skin mucus of fish harbours a diverse population of commensals (Liu et al., 2008; Wang et al., 2010) . Thus far, IgD and IgT/IgZ responses in skin have never been investigated neither at the gene nor at the protein level. This implies that we currently have a small picture of the skin secretory immune system in fish. Furthermore, how sIgs interact with antigens at a mucosal surface, which is constantly exposed to water and swimming forces is completely unknown. One would expect possible biological adaptations in the antigen-antibody interactions taking place in such a particular mucosal environment.
Responses in the gills
Teleost gill is not only a point of entry of pathogens but also as a tissue capable of mounting an immune response (Campos-Perez et al., 2000) . It has been suggested that immersion vaccination is effective, to a great extent, thanks to the active role of the gills and the local presence of B cells and ASCs (dos Santos et al., 2001a; Wong et al., 1992) . However, to date the information on B cell and antibody responses occurring in the gills is very limited.
Gill
Ig responses against parasites-In carp, IgZ1 but not IgZ2 or IgM expression has been shown to be up-regulated at the gene level in the gills of Trypanosoma borreli-infected animals (Ryo et al., 2010) . In the case of gill B cells from trout, experimental infections with I. multifiliis did not result in a redistribution or increase of IgT + or IgM + B cells as assessed by immunohistochemistry (Olsen, 2011) . Plasma-like cells as identified by transmission electron microscope were reported in the gills of chinook salmon (Oncorhynchus tshawytscha) experimentally infected with Loma salmonae, which may cause microsporidial gill disease, although antibody responses were not evaluated (Lovy et al., 2007) . Clearly more studies are required to evaluate the specific responses, both IgT/IgZ and IgM, in fish gills and to unravel whether IgT/IgZ plays a pivotal role in gill mucosal responses like in the gut . -Gassent et al., 2003) . Here, a novel method was employed to detect secreted IgM levels around the gill area by applying in situ dot blots. Vaccinated eels had significantly higher specific IgM levels than unvaccinated fish from day 1 until day 5 post-vaccination, with a maximal titer of 26 at day 3. At this time, there were no significant differences in antibody titers in serum. The authors concluded that the early local response detected in the gill could contribute to protection by reducing colonisation. Whether or not the IgM secreted at those very early time points is truly the result of an adaptive immune response or the result of natural antibody secretion with polyreactive capacity, remains to be demonstrated. Further evidence supporting the early stimulation of IgM responses in the gill is found in a recent study in large yellow croaker (Pseudosciaena crocea) vaccinated with V. harveyi . At day 7, specific IgM ASCs were observed in the gills after immersion vaccination but not after i.p. or oral immunisations. At this point, the gill IgM ASC response was parallel with a peak in skin mucus IgM titers. I.p. immunisation induced gill ASCs 3 weeks after injection. Serum IgM was highest in the i.p. group at all sampling times. Importantly, immersion and i.p. vaccination resulted in 60% protection to i.p. challenge whereas the oral vaccination protected 40% of the croaker fish.
Gill Ig responses against bacteria-Very interesting and conclusive studies have been conducted on the European eel (Anguilla anguilla) using immersion vaccination against V. vulnificus (Esteve
Thus, it seems clear that sIgM and B cells responses take place in the teleost gills during the early immune responses following immersion with different species of the genus Vibrio.
Moreover, the gill may also play a significant role later in the immune response. In that regard, levels of anti-F.branchiophilum specific IgM in the gill of brook trout (Salvelinus fontinalis) were recorded 57 days after bath vaccination with F. branchiophilum (Lumsden et al., 1993) . Interestingly, gill and serum antibody levels were not correlated in individual fish (Table 5 ). In addition, oral antigen delivery also stimulated specific ASCs in the gills. In a different study, high numbers of specific mucosal IgM plasma cells appeared in gills and gut of carp orally vaccinated with encapsulated V. anguillarum bacterin although they were absent after i.m. injection (Joosten et al., 1997) . Conversely, orally vaccinated carp showed very low numbers of IgM ASCs in PBLs and HKLs. I.p. vaccination of spotted wolfish juveniles with A. salmonicida bacterin resulted in higher numbers of IgM plasma cells in spleen, HK and, to a lesser extent, in gut but not in gills (Grontvedt and Espelid, 2004) .
One study has looked at transcript levels of all three Ig classes in the gills of mandarin fish i.p. immunised once or twice with F. columnare. The kinetics of the different Ig classes differed from organ to organ. IgZ expression in the gills was different from that of systemic organs. In the single-immunised group, IgZ and IgD expression were up-regulated at weeks 1 and 2 in the gill but not in the HK, blood or spleen. The gill response lasted until week 4 in the case of IgZ and until week 2 for IgD. From week 3 on, up-regulation of IgZ and IgD was observed in at least one of the systemic compartments studied. Gill IgM expression peaked after 1 week in the single-immunised group and at week 5 in the boosted group, which was concomitant with high IgM expression in all systemic organs (Tian et al., 2009a) . While these changes in gene expression are interesting, it remains to be demonstrated whether the different antibody isotypes were secreted and whether they specifically recognised F. columnare.
Gill Ig responses against viruses-Not many studies have addressed gill
Ig responses to viruses. In a 2006 study, halibut gill IgM + cells were predominantly found in the thick stratified epithelium covering the gill arch, the gill rakers and parts of the filaments. Only a few IgM + cells were seen in the simple epithelium covering the interlamellar parts of the filament, and IgM + cells were only rarely observed in lamellar epithelium. This IgM + B cell distribution and numbers did not differ in control and nodavirus (i.m.) immunised halibut (Grove et al., 2006b ).
Additional reported gill Ig responses-IgM
ASCs were quantified following oral intubation or i.p. injection with human gamma globulin (HGG) in the dab. In this case, specific ASCs in the gills were higher in the i.p. group (153×10 4 /10 6 cells) than in the oral group (1.5×10 3 /10 6 cells). Gill mucus IgM levels were not measured but serum titers in the i.p. group peaked at week 7 and correlated with HK specific ASC numbers, whereas in the oral group serum IgM was at least 100 times lower and it resembled the ASC response in PBLs (Davidson et al., 1997) . In a similar experiment, dab gill contained specific IgM ASCs 2 weeks after receiving peroral HGG in lipid emulsion and from week 3 to 10 after i.p. injection. Bath delivery failed to induce any gill responses (Lin et al., 2000) . In conclusion, from these two studies, it would appear that gill IgM antibody responses are better stimulated by systemic than mucosal delivery, at least in a HGG model.
IgM expression in gills is significantly affected by heat shock, with severe impairment of the expression occurring between 12 and 8 h in orange spotted grouper (Cui et al., 2010) . Whether other environmental stressors may induce such detrimental changes in the sIg response will need further research.
No functional studies have yet analysed the responses in ILT, where large amounts of T cells have recently been found (Haugarvoll et al., 2008; Koppang et al., 2010) . As explained above, few IgM + cells were found in this tissue but this does not rule out that IgT, IgD or even IgM responses are elicited during infection or vaccination.
A common-mucosal immune system (CMIS)?
The CMIS is a concept that acknowledges the presence of an integrated immune system that communicates all mucosal inductive and effector sites (Iijima H, 2001 ). This concept implies that antigens encountered at one mucosal inductive site will disseminate and home in a way that the mucosal surfaces where the infection actually occurs become protected. Nowadays, many consider CMIS an obsolete term that can be simply explained by the shared expression of adhesion and chemokine receptor pairs. Extensive regionalization and compartmentalization exists, in fact, within the mucosal immune system (Brandtzaeg, 2010; Macpherson et al., 2008) . As a consequence, the regionalization of mucosal immune compartments makes effective vaccination strategies not as straightforward as originally anticipated. For instance, nasal immunisation results in respiratory and urogenital antigenspecific immunity and vaccines that target GALT predominantly elicit responses in the GI tract (reviewed by (Chen and Cerutti, 2010) ). Such associations are less clear in the case of teleosts but future studies will further shed light onto these aspects of CMIS.
Thus, a key question is, can we immunise fish by one mucosal route and induce protection across all mucosal sites? Multiple studies have demonstrated the importance of the route of immunisation in fish vaccination (Davidson et al., 1997; Ellis, 1988; Rombout et al., 2010) . The idea of a CMIS in fish was first suggested by Rombout (Rombout et al., 1986) . In this study, carp were either orally or anally intubated with V. anguillarum. Anally immunised fish developed specific IgM responses in the gut, skin, bile and serum. However, oral administration failed to induce serum responses. However, other studies have reported specific plasma antibody responses following oral immunisations as summarised in Tables  3-5 . For instance, tilapia orally and anally immunised with HGG produced specific IgM responses in plasma, bile and cutaneous mucus (Jenkins et al., 1994) . Interestingly, in this study, the immune responses in the three secretions were short-lived (about 21 days in duration) and mirrored each other. Gut and gill antibody levels were not measured.
As shown in Table 5 , in most fish studies, when one mucosal immune site secretes specific IgM other MALT sites are also stimulated (Esteve-Gassent et al., 2003; Lin et al., 2000; Merino-Contreras et al., 2001; Swan et al., 2008; Vervarcke et al., 2005; Xu et al., 2009a) . The kinetics and potency of the response of each compartment are however different in different experimental models. Thus, there is some disparity on how the integration of the responses takes place. Some authors recognise that systemic immunisation results in a delayed appearance of mucosal sIg compared to mucosa-targeted stimulations, but others have reported simultaneous responses in MALT and serum regardless of the route. This disparity is in agreement with mammalian studies that have acknowledged disparity with regard to migration of memory/effector cells from mucosal inductive sites to secretoryeffector sites and systemic immune organs (Brandtzaeg, 2007) .
To date, comprehensive studies that have analysed production of all Ig classes in skin, gills, gut and serum following mucosal immunisation are lacking. In addition, as Table 5 shows, little data is available for all four compartments measured during the same study. Our patchy knowledge becomes even blurrier since antigen-specific IgT/IgZ responses are missing from all these studies, except in a recent report where IgT was found to behave as a mucosal gut Ig . We ignore for instance, if stimulating gut IgT responses results in seeding of other MALT with IgT-secreting cells.
At present we know that many of the components involved in mammalian mucosal immune responses, including PP and MLN are missing in fish. For this reason, some authors have recently ruled out the original idea that a CMIS exists in teleost . Recent advances in mammalian mucosal immunology have revealed the presence of compartmentalised responses within MALT. The very different teleost MALT architecture may utilise other mechanisms to integrate (or not) mucosal immune responses, but it is possible that the lack of organised MALT facilitates such integration. What we do know is that even if IgA is not present in fish, there appears to be a functional equivalent, IgT, at least in rainbow trout . Intriguingly, the J chain in teleosts is lacking, but teleost pIgR appear to be involved in the transport of IgM and IgT through mucosal epithelia .
One of the most important areas to investigate in order to address the presence of a teleost CMIS is the selective homing of B and T cells to systemic and mucosal lymphoid organs during the course of infection or the development of an immune response. To this end, it will be crucial to elucidate the involvement of chemokines and chemokine receptors in the homing of lymphocytes to mucosal and systemic sites (see in this issue the review on fish chemokines and chemokine receptors (Alejo and Tafalla)). Thus far, very little is known about the homing of T and B cells to teleost lymphoid organs. In that regard, one study has shown that trout gut intraepithelial T lymphocytes appear to be phenotypically and functionally identical to systemic T cells (Bernard et al., 2006) . Clearly much work is required in understanding the homing and role of teleost lymphocytes into systemic and mucosal compartments.
Finally, fish may possess alternative mechanisms that integrate and enable crosscommunication among MALTs. We expect that fresh data will in a near future be available on a variety of teleost species and, that responses of all Ig classes and B cell subsets from all mucosal and systemic sites will be integrated, thus revealing whether fish have a CMIS.
Concluding remarks and future directions
This review attempts to gather past as well as recent information available regarding mucosal antibody and B cell responses in teleost fish. Looking at mucosal responses from mammalian species, and from the limited data available in teleosts, it is clear that mucosal immune responses are significantly more complex to study and understand than systemic ones. Thus, much work remains to be done in order to achieve a holistic view of systemic and mucosal antibody and B cell responses in teleosts.
The delivery method of one given pathogen or immunogen is determinant to elicit or not mucosal Ig responses, especially in oral immunisation. It is clear that systemic immunisation results in specific IgM responses at mucosal sites but the kinetics, intensity and duration of the response may significantly differ depending on the antigen (Davidson et al., 1997; Drennan et al., 2007; Lin et al., 2000) .
As a general rule of thumb, stimulation of skin IgM by i.p. delivery seems to occur later (about 3 weeks) than in serum. Responses in the gill appear to support the skin data since i.p. injection is a more effective inducing route than mucosal ones. This would imply that IgM ASCs in the skin and gills are seeded from the blood or that differentiation of resident mucosal B cells into plasma cells takes place at a mucosal site even when we stimulate systemically.
As we have already discussed, the intensity of the mucosal responses greatly depends on the species and immunisation route. In terms of the kinetics, some authors have reported antibody levels in mucus peak sooner than those in serum in the case of mucosal immunisation routes (Rombout et al., 1989; Rombout et al., 1986) (Rombout et al., 1993b) whereas others found still that mucosal IgM appears later than serum IgM even if fish are infected by a mucosal route (Maki and Dickerson, 2003; Zilberg and Klesius, 1997) . We cannot therefore withdraw conclusive remarks in this respect and we await further investigations in order to clarify this point.
On the other hand, serum IgM production is often much higher when antigens are systemically injected than when delivered by any of the mucosal routes (Crosbie and Nowak, 2004; Delamare-Deboutteville et al., 2006; Santos et al., 2005; Xu et al., 2009a) . One consideration to bear in mind is that i.p. injections are often delivered with adjuvants such as FCA and thus there is no direct comparison with mucosal immunisations such as immersion protocols in which no adjuvants are added. Nevertheless, exceptions remain.
First, anal intubation of African catfish with V. anguillarum elicited similar serum IgM titers to i.p. injection after 2 weeks (Vervarcke et al., 2005) . Second, live attenuated E. tarda formulations recently tested in flounder (Sun et al., 2010) showed that i.p. vaccination resulted in similar serum IgM levels as immersion and oral routes, whilst the oral vaccine was slightly less effective (mucosal responses were not measured in this study). Third, immersion infection of channel catfish with Ich theronts produced a similar serum response as i.p. injection of the purified Ich -antigen (Maki and Dickerson, 2003) . Thus, it is possible in some instances to induce equally strong mucosal IgM responses by using mucosal or systemic immunisations.
Live microorganisms (infections) or vaccines that use live attenuated pathogens are more effective inducers of mucosal responses than their inactivated counterparts in mammalian studies (Cox et al., 2004; Levine and Kaper, 1995) . Thus, the lack of strong mucosal Ig responses in fish under different mucosal immunisation set ups may be the consequence of inadequate stimulation of the local immune system by non-viable pathogens or particulate antigens. The latter may also explain why in fish, vaccine formulations using bacterium ghosts where surface proteins are intact, are more effective at stimulating sIg than the formalin killed formulations (Kwon et al., 2007) .
It is possible that teleost mucosal surfaces require exposure to live pathogens or even multiple exposures or chronic infections in order to mount robust mucosal antibody responses (Maki and Dickerson, 2003; Rogers-Lowery et al., 2007; Rombout et al., 1989; Zhang et al., 2010) . Unfortunately, very few studies have analysed mucosal responses of fish in which pathogens specifically infect or stimulate a mucosal surface and, no direct comparisons between live and killed formulations have been carried out.
The importance of mucosal Ig in protection remains unclear at this point, and it will likely be hard to evaluate, as it has been the case with sIgA in mammalian disease models (Brandtzaeg, 2007) . To test whether induced specific sIg mucosal responses in fish are protective, transfer experiments using immune secretory IgT/IgZ or IgM will be required. However, the question will be how to transfer or deliver immune sIg to naïve fish to ensure that it reaches the right mucosal surface without being degraded and in sufficient concentrations. So far we have evidence that specific anti-C. shasta IgT titers are present in survivor trout . Whether the IgT produced is responsible for protecting fish is a point that remains to be addressed. Future work lies ahead to find the correct strategy to demonstrate the protective effect of this parasite-specific IgT. Conversely, another important question that needs to be addressed is whether mucosal antibody responses elicited by systemic immunisation can elicit protective responses.
It is important to note that the evaluation of antibody responses in fish skin, gills and gut is likely to be variable among different labs since the collection procedures of fish mucosal secretions are not standardized, a significant problem also acknowledged in the case of mammalian studies. Additional inconsistencies in the results may be due to subsequent sample processing and assays used to measure sIg. Moreover, the analysis of sIg content and titers is further complicated by the presence of proteases and microbial contamination in the mucus samples. Studies on the comparative susceptibility of teleost sIgs to proteases are missing but it is likely that differences exist among the different Ig classes, as it is the case in mammalian sIgs where IgA2 has an increased resistance to bacterial proteases compared to IgA1 (reviewed by (Cerutti and Rescigno, 2008) .
Another point to take into account is the possibility that mucosal Ig plays an important role in the innate and early antibody responses during infection. In that regard, the role of sIg may have been overlook in many of the studies. The evidence provided in few studies for an early gill sIg production supports this idea. Thus, the role of mucosal Igs in innate immunity deserves further investigation.
It is important to point out that mammalian B cells are known to play an important role in the regulation of inflammation, particularly as regulatory cells that secrete Il-10, a potent anti-inflammatory cytokine (Fillatreau et al., 2008; Fillatreau et al., 2002; Mauri) . For example, chronic intestinal inflammatory conditions such as experimental colitis prompt the appearance of a B cell subset that produces IL-10 and suppresses progression of intestinal inflammation (Mizoguchi et al., 2002) . Whether or not B cells of teleost fish play a role in the regulation of inflammation is an important subject that remains to be investigated. In that context, it is worth mentioning that teleost B cells express C3a and C5a receptors (Boshra et al., 2004; Boshra et al., 2005) , both of which are known to play important pro-inflammatory roles . Thus, it will be interesting to decifer the specific contribution of mucosal B cell subsets both in the induction and regulation of inflammation during the course of infection.
Another fascinating point that we need to consider and understand is the capacity of mucosal B cells to take up and present antigen. In that regard, B cells from several fish species have been shown to be highly phagocytic (Li et al., 2006; Overland et al., 2009; Zhang et al., 2010) . Moreover, it has recently been shown that trout B cells express very high levels of CD80/86, a crucial co-stimulatory molecule ). In addition catfish B cells have been reported to express high levels of surface MHC-Class II molecules (Moulana et al., 2008) . Thus, the potential phagocytic capacity of mucosal B cells, combined with their potential high expression of CD80/86 and MHC-Class II molecules, could turn these cells into important antigen-presenting cells in mucosal surfaces. While this hypothesis needs to be investigated, its substantiation would have important implications for the design of vaccines that induce mucosal immunity.
In conclusion, this review has gathered a vast body of existing data that illustrates our knowledge of antibody and B cell responses occurring in mucosal surfaces. We have highlighted the complexity of teleostean and mammalian MALT as well as the necessity for holistic studies that concomitantly measure fish B cell dynamics and Ig responses in the systemic and mucosal compartments. The intricacy of the fish MALT picture reaches higher levels of complexity when trying to understand the relationship among different mucosal compartments, inductive and effector sites. We currently know very little about IgT + /IgZ + , and IgD + B cell populations and the immunoglobulins they produce in fish mucosae and we know even less about the presence and dynamics of plasma cells, plasmablasts and longlived plasma cells secreting these Ig classes in these mucosal sites. Until now IgM was thought to be the only Ig class responding to pathogenic challenge in teleosts, both in systemic and mucosal compartments. The recent discovery of IgT/IgZ predominant role in gut mucosal immunity opens up a new avenue for the study of fish mucosal immune responses as well as for the evaluation and design of novel fish vaccines and immunotherapies that stimulate not only systemic, but also mucosal immune responses. Immunofluorescence staining of a gut cryosection from rainbow trout, three month postinfection with C. Shasta. Cryosection was stained for IgM (red), IgT (green) and C. Shasta (Magenta); nuclei are stained with DAPI (blue). Parasites (indicated by pink arrows) are localised within the gut lumen (dark area). Main features of immunoglobulins characterized from representative teleost fish mykiss) (Elcombe et al., 1985) , HMW (Rombout et al., 1986) , (Rombout et al., 1993a probatocephalus) (Lobb and Clem, 1981d) , (Lobb and Clem, 1981a) HMW LMW probatocephalus) (Lobb and Clem, 1981b) , (Lobb and Clem, 1981a) carpio) (Rombout et al., 1986) , (Rombout et al., 1993a probatocephalus) (Lobb and Clem, 1981c) , (Lobb and Clem, 1981a Dev Comp Immunol. Author manuscript; available in PMC 2012 December 01.
